The aim of this review is to summarize use of the functional lumen imaging probe (FLIP) for the evaluation and management of esophageal diseases.
INTRODUCTION
The primary function of the esophagus is to serve as a transport conduit between the mouth and the stomach. Bolus flow is strongly related to esophageal opening dimensions, which are controlled by neuromuscular interactions involving active and passive contraction and relaxation to regulate distension of the esophageal sphincters and body in response to intra-luminal (i.e. intra-bolus) pressure [1, 2] . Furthermore, esophageal transport and esophageal sensation appear to be related to mechanical properties of the esophagus [3, 4] . However, accurate assessments of esophageal distensibility are somewhat limited with traditional methods of esophageal disease evaluation (i.e. upper endoscopy, manometry, and barium-radiography) [2] .
Devices employing impedance planimetry, which measures luminal cross-sectional area (CSA), combined with intra-luminal pressure sensors allow for evaluation of esophageal mechanical properties and distensibility. Initial studies applying impedance planimetry to the esophagus demonstrated the feasibility and utility in evaluating the esophagogastric junction (EGJ) and esophageal hypersensitivity [5, 6] . Multiple impedance planimetry electrodes measuring serial, adjacent CSAs in a tubular lumen (essentially high-resolution impedance planimetry) allowed for anatomic and biomechanical characterization of the esophagus: a functional lumen imaging probe (FLIP) [7] .
Research and clinical utilization of FLIP to assess esophageal function and disease has increased in recent years using the commercially available device, the EndoFLIP (Crospon, Inc., Galway, Ireland). The FLIP has demonstrated the potential to become a valuable tool for functional evaluation in esophageal diseases associated with abnormalities of EGJ competence (e.g. achalasia and gastroesophgeal reflux disease, GERD) and mechanical properties
THE ENDOFLIP
The FLIP consists of a 240-mm long, 3-mm outer diameter catheter with a balloon mounted on the distal end. The balloon houses 16 paired impedance planimetry electrodes spaced at regular intervals, and a solid-state pressure transducer located at the distal end (Fig. 1) . Excitation electrodes at either end of the balloon emit a continuous low electric current. The voltage is measured across the paired impedance planimetry electrodes when the balloon is filled with a conductive fluid (saline). With a known distance between electrodes and known fluid conductivity, the electrical resistance of the fluid (impedance) is proportional to the CSA; thus, based on Ohm's law (voltage ¼ current Â resistance), the CSA is determined from the voltage [8] .
The balloon is infinitely compliant (within allotted fill volumes) to allow conformation to the esophageal lumen and subsequent measurement of distensive properties of the tubular lumen. Two primary device sizes are commercially available with FLIP measurement segments of 8 cm (EF-325) or 16 cm (EF-322; Fig. 1 ). Some studies report use of earlier models that consisted of a 10 to 14 cm balloon that housed the 16 paired electrodes spaced at 4-mm intervals for a 6.4-cm measurement length [9-12,13 & ].
FUNCTIONAL LUMEN IMAGING PROBE: METHODS

Study protocol
During a FLIP study, measurements of 16 sequential CSAs and one intra-balloon pressure are simultaneously measured at a 10-Hz sampling rate during volume-controlled distension of the balloon. Luminal diameter measurements, which simplify use for clinical application, are generated from the CSA measures by assuming a circular lumen:
Variations in FLIP study methods and protocols exist (Table 1 ) [14] . The FLIP is placed into the esophagus either trans-orally or trans-nasally in a sedated or awake patient. Because of patient tolerance, our institutional practice is to place the catheter orally either during endoscopy with conscious sedation (typically using the 16-cm measurement device) or intra-operatively during general anesthesia (typically using the 8-cm measurement device). The FLIP is positioned within the esophagus by identifying the waist on the real-time, semithree-dimensional display (Fig. 1) at a low fill volume (typically 20-30 ml). The esophageal body can be evaluated, such as in EoE, with the 8-cm FLIP by first identifying the EGJ then repositioning proximally. With the 16-cm FLIP, the distal esophageal body can be evaluated simultaneously with the EGJ; the EGJ then serves as a reference point to control for catheter movement during the study. Marking the catheter with an endoscopically or manometrically measured distance to the EGJ can also assist with placement, although maintenance of stable FLIP positioning by visualizing landmarks on the realtime display during the course of the study remains paramount.
During stable positioning of the catheter, volume-controlled distension of the balloon is performed. CSA and pressure (thus distensibility) measurements may vary depending on the degree of volume distension; thus, measurements should be obtained at a stable distension volume and over a time sufficient to allow accounting for measurement fluctuation related to respiration and esophageal contractions/peristalsis. In addition, measurements should be obtained at a volume that can generate sufficient intra-balloon pressure to distend the esophageal body to allow an evaluation of the luminal CSA/pressure relationship. Further,
KEY POINTS
Simultaneously measuring luminal cross-sectional area (via impedance planimetry) and intra-balloon pressure, the FLIP provides a unique method to evaluate esophageal function by assessing the esophageal response to distension (i.e. distensibility).
Various FLIP study protocol and analysis methods have been reported, thus optimization and standardization of FLIP methods are needed.
In achalasia, reduced EGJ distensibility is associated with dysphagia whereas elevated EGJ distensibility (following therapy) is associated with reflux. Thus, FLIP can provide both symptomatic evaluation and intrainterventional (e.g. during operative LES myotomy) guidance to aid achalasia management.
Evaluation of esophageal body distensibility in EoE offers a method to objectively measure fibrostenotic disease effects, and potentially aid prediction of clinical outcomes (e.g. food impaction).
Use of FLIP for evaluation of GERD, upper esophageal sphincter function, and esophageal motility is promising, although requires further research to establish its clinical utility and implications.
assessing the CSA/pressure response to varying distension volumes may be informative, such as to allow measurement of a distensibility plateau (see EoE below), thus step-wise volumetric distension at 5-10 ml increments may also be utilized. Our practice is to perform step-wise volumetric distension with the 16-cm FLIP during endoscopic evaluation; we focus on the EGJ distensibility measures at the 
Data analysis
Although both CSA (diameter) and pressure are simultaneously measured (and often reported independently in studies), assessing the relationship between luminal CSA and distending (intra-balloon) pressure arguably reflects the greatest value provided by the FLIP for the esophageal evaluation. Thus, distensibility will be the primary focus for the remainder of this review. The distensibility index (DI) has been the typical measure of sphincter distensibility and is calculated by dividing the median narrowest CSA (within the sphincter of interest) divided by median intra-balloon pressure over a set timeframe (or distension volume). The FLIP measurements are dynamic with both CSA and pressure fluctuation occurring during a stable distension volume; thus, various methods using the FLIP Analytics software (Crospon) or other external software methods (e.g. MATLAB, The Math Works, Natick, Massachusetts, USA) have been reported to generate metrics.
The FLIP is indicated (and FDA approved for use in the United States) for clinical use as a pressure and dimension measurement device, as an adjunctive test in patients with symptoms consistent with esophageal hypersensitivity, and to estimate the size of a stoma produced by a gastric band. Thus, clinical applications for FLIP are varied.
ACHALASIA
A hallmark of achalasia is lower esophageal sphincter (LES) dysfunction, and achalasia treatments target relieving the resultant EGJ outflow obstruction; Furthermore, intraoperative FLIP may provide a method to 'tailor' the myotomy AE fundoplasty to help improve dysphagia (i.e. avoid too low EGJ distensibility), while limiting GERD (i.e. avoid overly-increasing EGJ distensibility). A recent multicenter study assessed the association with early clinical outcomes (median follow-up 122 days) and retrospectively evaluated final intraoperative FLIP measures of 63 patients with achalasia treated with POEM [24 && ]. They found a lower EGJ-CSA at a 30-ml fill volume of an 8-cm FLIP (but similar EGJ-CSA at 40 ml) in those with a poor symptomatic outcome (n ¼ 13) than those with a good outcome (n ¼ 50). EGJ-DI was numerically, but not statistically, lower among the poor outcome group at both 30 and 40-ml fill volumes. Furthermore, they also found a greater EGJ-CSA (again at 30 ml, but not 40 ml) associated with objective evidence of GERD (reflux esophagitis or abnormal esophageal acid exposure). Another recent study reported that a final intraoperative EGJ-DI (at 40-ml distension volume with an 8-cm FLIP) in the range of 4.5-8.5 mm 2 / mmHg was optimal in that it was high enough to relieve dysphagia, but low enough to result in minimal GERD symptoms at more than 6 months follow-up after POEM (n ¼ 21) or laparoscopic Heller myotomy (n ¼ 11) [25 && ]. Although additional study is needed to validate these findings in a prospective manner, FLIP offers significant promise to aid in the treatment of achalasia.
In addition, esophageal dilatation balloons that incorporate FLIP (using a more rigid balloon material than the conventional measurement FLIP balloons) are available. Of note, no intra-balloon pressure sensor is included with the dilation balloons, although an external pressure monitor can be attached [27 && ]. A recent study demonstrated the feasibility and short-term clinical effectiveness of using the FLIP achalasia hydraulic dilation balloon (maximal diameter of 30-mm) [27 && ]. As the EGJ can be identified with a waist on the real-time display to position the balloon, additional experience with this device may allow for achalasia dilation to be performed without the concurrent use of fluoroscopy.
GASTROESOPHAGEAL REFLUX DISEASE
As EGJ incompetence may contribute to GERD pathophysiology in some patients, it is reasonable to suspect that FLIP may help identify increased EGJ distensibility (i.e. greater EGJ diameters at lower distending pressures) in some patients with GERD. Results of studies, however, have been inconsistent. Initially, a study demonstrated greater EGJ-DIs among 20 patients with symptomatic GERD than 20 asymptomatic volunteers [9] . However, another study that compared patients who had typical GERD symptoms (n ¼ 18) with asymptomatic controls (n ¼ 18) found that patients with GERD actually had lower EGJ-DI than controls [12] . Furthermore, EGJ-DI did not differ between patients with normal (n ¼ 9) or abnormal (n ¼ 9) esophageal acid exposure time by 48-h wireless esophageal pH monitoring. Recently, a study evaluating patients who had Barrett's esophagus with hiatal hernias at least 2 cm (n ¼ 23) reported that FLIP could generally identify the hiatal hernia (measuring both distensibility of the LES and the crural diaphragm components of the EGJ), and that the distensibility of the LES in hiatal hernia patients was greater than in asymptomatic controls [19 && ]. Although the diagnostic utility of FLIP in GERD may remain in question, further study may help evaluate physiologic components related to GERD pathophysiology.
As patients with fundoplication appear to have reduced EGJ distensibility compared with controls [28] , FLIP may be a useful tool to tailor antireflux procedures (such as fundoplication) [29] . Several studies demonstrated the feasibility of intraoperative FLIP use during fundoplication, documenting a consistent reduction in EGJ distensibility immediately following fundoplication [30, 31] . Reduction in EGJ distensibility following trans-oral incisionless fundoplication has also been reported [32, 33] . A report of pooled results of intraoperative FLIP during laparoscopic Nissen fundoplication from four highvolume centers reported a mean final EGJ-CSA of 6.1 mm 2 (SD 1.4) and EGJ-DI of 1.6 mm 2 /mmHg (SD 1.1), suggesting these as targets for fundoplication based on historically good outcomes from their centers; however, directly-associated clinical outcomes were not reported [30] .
The role of FLIP for physiologic evaluation and management in GERD remains uncertain, but appears promising. Future outcome studies are needed to substantiate the clinical utility of FLIP in GERD.
EOSINOPHILIC ESOPHAGITIS
EoE is a chronic, immune-mediated disease of the esophagus characterized by esophageal symptoms (predominantly dysphagia) and eosinophilic inflammation [34] . Chronic inflammation is thought to progress to fibrosis and stenosis of the esophagus [35] , which is typically evaluated with endoscopy. However, there are limitations to endoscopic assessment of esophageal narrowing in EoE [36] . FLIP assessment of the esophageal body in EoE allows objective measurement of esophageal narrowing and mechanical properties of the esophageal body [15] . Measurement of a narrowest esophageal body CSA and corresponding intra-balloon pressure during step-wise volumetric distension with the FLIP positioned in the esophageal body allows plotting a CSA by pressure curve, which enables identification of the distensibility plateau (Fig. 2) . The distensibility plateau represents the luminal opening that may restrict passage of swallowed bolus, and reduced distensibility (a lower distensibility plateau) has been demonstrated in patients with EoE compared with asymptomatic controls [15] . Another study of patients with EoE reported an association of reduced distensibility plateau with clinical outcomes including future food impaction and requirement for esophageal dilation. In addition, a distensibility plateau less than 225 mm 2 (diameter $17 mm) was the only independent predictor (i.e. not treatment type or eosinophil count, among others) of future food impaction.
Although FLIP appears to have significant value for patient evaluation in EoE, some complexity is involved to identify the narrowest portion of the esophageal body (to facilitate distensibility assessment) when esophageal contractions and peristalsis occur. Thus, postprocessing the FLIP data using software programs to filter out the contraction- Intra-bag pressure (mmHg) Narrowest diameter (mm) FIGURE 2. Distensibility plateau. Real-time images from the maximum-achieved fill volume of (a) an asymptomatic volunteer, (b) a patient with EoE and a focal stricture (identified with a white arrow), and (c) a patient with EoE and diffuse, narrowcaliber esophagus. (d) The distensibility plateau was developed to represent the luminal CSA (or diameter) at which the pressure increases at a fixed luminal opening. Thus, the distensibility plateau is determined as the peak of the best-fit line generated from plotted data points of the narrowest esophageal body diameter and intra-balloon pressure for each distension volume during step-wise volumetric distension. The displayed distensibility plateaus are (a) 22 mm, (b) 14.6 mm, and (c) 12.1 mm. Adapted with permission from the Esophageal Center at Northwestern. [37, 38] . Software advancements will hopefully be implemented to increase availability of these analysis techniques to broaden the application of FLIP to EoE evaluation and thus better determine its clinical value in future studies.
Functional lumen imaging probe
Carlson associated changes in esophageal luminal diameter remains necessary
OTHER CLINICAL USES
Esophageal motility
Although the contractility and peristalsis observed on FLIP may add complexity to distensibility analysis (as in EoE), it may also represent a method to evaluate the esophageal contractile response to distension (i.e. secondary peristalsis). Serially spaced diameter changes measured with the FLIP can be interpolated by applying software algorithms to depict organized esophageal contractile patterns as FLIP topography (Fig. 3) , similar to representing serially spaced pressures measured with high-resolution manometry as esophageal pressure topography. A study of asymptomatic volunteers observed that the majority demonstrated a stereotypical pattern of repetitive, antegrade contractions that likely represented secondary peristalsis in response to sustained volumetric dilation of the distal esophagus [39 & ]. Thresholds (volume, pressure, and esophageal diameter) to induce contractile activity and contractile properties (e.g. contractile velocity) were evaluated.
In addition, evaluation of patients with newly diagnosed achalasia with FLIP topography demonstrated evidence of esophageal contractility in most cases, even among those without contractility observed on high-resolution manometry (37% of type I achalasia and 65% of type II achalasia) [20 & ]. Some patients, especially those with spastic (type III) achalasia, demonstrated a novel pattern of repetitive, retrograde contractions, which was not observed in any of the controls. The contractility detected by FLIP in achalasia may represent contractions not detected on manometry because of lack of contact pressure on the manometry catheter or those masked by pressurization, and thus may provide supplemental prognostic information to the manometric assessment. Although the clinical implications of motility findings appreciated with FLIP topography require further clinical study, FLIP may offer a well tolerated method to complement the esophageal motility evaluation. 
Upper esophageal sphincter
The FLIP has also been used to evaluate the distensibility and swallow associated opening dynamics of the upper esophageal sphincter (UES) in both asymptomatic, healthy volunteers and in patients following laryngectomy [40,41,42 & ] . Although further study is needed to demonstrate the clinical significance of FLIP findings of the UES, it appears to be a feasible and well tolerated method to supplement the evaluation of the oropharyngeal swallow [42 & ].
CONCLUSION
The FLIP offers a novel method to enhance the evaluation of esophageal function, particularly in achalasia, GERD, and EoE. Future study is necessary to optimize study protocols and analysis techniques, which then need to be standardized for generalizable use. Furthermore, translation of functional results to clinical outcomes remains needed to clarify clinical implications and enhance clinical use of the FLIP. Although research and experience with the FLIP remains in its relative infancy, the FLIP will help advance our understanding of the contribution of esophageal mechanical properties to esophageal symptoms and function, and may well emerge as a valuable tool to aid in clinical management of esophageal diseases.
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